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Introduction
Organic/inorganic hybrid composites are materials that comprise nanometer-size mineral particles dispersed in a polymer matrix. Compared to pure matrix, these materials exhibit enhanced properties : an increase of the mechanical and thermal performances, and a barrier effect to gas diffusion [1, 2] . Most of the matrices considered so far are synthetic polymers; preparing such materials is difficult because of the low compatibility between hydrophobic polymers and the hydrophilic mineral. To overcome this difficulty, the cations located in the interlayer space of the clays are exchanged by tensioactive molecules (principally alkyl ammoniums). The inter layer space thus gain a hydrophobic character and become compatible with polymers.
Such hybrid complexes do exist in nature; rhizospheric microorganisms, i.e. living in the vicinity of plant roots, produce exo-polysaccharides (EPS); these EPS possess two key properties: they aggregate mineral particles [3] and they can retain a large amount of water [4] .
The benefit for bacteria is obvious as they are protected by organo-mineral aggregates against F o r P e e r R e v i e w O n l y 2 both brutal climatic changes and hydric stress [4] [5] [6] [7] [8] [9] [10] . There is also a benefit for the soil, as the presence of aggregates is correlated with soil fertility [11] . Polysaccharides have indeed the additional properties of being biocompatible and biodegradable, two supplementary advantages exploited in an emerging class of biomaterials [12] [13] [14] [15] [16] [17] .
The macroscopic properties reflect the associations occurring at the molecular scale between polysaccharides, mineral particles and water. The surface of montmorillonite for example, bears negative charges; one may intuitively think that the most favorable organic molecules for adsorption onto such mineral are poly-cations. The situation is apparently more complicated as many rhizospheric EPS are shown to interact with minerals [6, [18] [19] [20] [21] [22] [23] [24] ; they are either neutral or anionic (with one or two charges per repeat unit, generally carboxylic acids).
The role of the fine structure of the polysaccharide on its adsorption mechanism onto mineral surfaces remains largely unclear. However, EPS offer a unique opportunity to establish structure-property relationships; their experimental responses to flocculate a colloidal suspension of clays are effectively structure dependant [25 , 26] and EPS possess a wide variety of structures: they can be linear or branched. When present, the ionisable group is located either on the backbone or on the side chains (see figure 1) . To complement the experimental efforts, our objective was thus to reveal, by molecular modeling, the structural factors (if any) of microbial polysaccharides that are responsible for their adsorption on mineral surfaces. Montmorillonite is the chosen mineral; it is widespread on earth, its crystal structure is reported [27] and it is widely studied by molecular modeling (in particular in interactions with organic species) [28] [29] [30] [31] [32] . Only the basal surface of montmorillonite was considered in this study as it is statistically the most abundant surface.
Material and Methods.
In this study, we have used the modeling softwares Cerius 2 and Material studio (accelrys inc.)
running on silicon graphics workstations at the Centre d'Expérimentation et de Calcul
Intensif, CECIC, Grenoble, France.
Construction of the initial structures.
Mineral surface.
Montmorillonite is a smectite type mineral clay, it is a hydrophilic mineral that consists of a nanometer-thick layers formed by sandwiching an aluminum octahedron sheet between two silicon tetrahedron sheets. The initial unit cell was built from relevant crystallographic coordinates of a pyrophillite crystal, published by Tsipursky and Drits [27] , using the Crystal ). The clay mineral is then minimized, equilibrated by molecular dynamics (NPT at 300 K and 1 atm) and then optimized again. To generate a mineral surface convenient for the simulation, the lattice constant c of the cell was extended to 100 Å. Surfaces were then hydrated by a monolayer of water molecules. 
Organic chemicals.
We studied the adsorption of chemical groups, monosaccharides and oligosaccharides; they are all related to the EPS indicated in Figure 1 Table 2 ; the two hydroxyl groups involved in glycosidic bonds have been systematically changed to OMe groups.
The oligomers considered in this part correspond to a unique repeat unit of selected EPS synthetized by rhizospheric microbes: dextran, MWAP71, RMDP17, Rhamsan, xanthan, YAS34 and succinoglycan; their primary structures are reported in Figure 1 . A degree of polymerisation of 6 was chosen for the dextran to obtain a molar mass comparable to the other oligomers (see Table 4 ). Polysaccharides are usually highly polydisperses; dextran for example represents a family of homopolysaccharides that feature a substantial number of consecutive α-(1→6) linkages in their main chain, usually more than 50% of the total linkages. Dextrans also possess variable amount of side chains constituted by mono and/or oligosaccharides linked to the main chain by (1→3) and (1→2) linkages. It is obviously not possible to consider all the possible chemical structures for a given polysaccharide so that each model correspond only an idealized structure; consequently, the dextran modelled in our study is only represented by its dominant structural feature (see Figure 1 ). In addition, some of the polysaccharides are known to form multiple helices in solution (xanthan for example); only the simple chain was considered in our study.
Chemical groups, monosaccharides and repeat units of EPS were constructed from standard geometries of bond lengths and bond angles, thanks to the sketcher module. The initial conformation of the pyran ring of monosaccharides is 4 C 1 for Glc, Man, Gal and Kdo residues, or 1 C 4 for Rha and Tal. In the case of oligosaccharides, values of the conformational parameters describing the relative orientation of two consecutive monomers (torsion angles Φ, Ψ and ω) were derived from the conformational analysis of model disaccharides [33 , 34] .
Torsion angle values correspond to the lowest energy minimum and/or auxiliary minima of the (Φ, Ψ) potential energy surfaces. Explicit hydrogen atoms were used in all model systems.
Each structure was then relaxed to minimize energy and avoid atom overlaps.
Modelling the adsorption.
An organic molecule is then inserted in the simulation box above the mineral surface in a random orientation. Configurational sampling was then performed using a combination of energy minimization and molecular dynamics at elevated temperatures, typically 400 to 600 K. A typical dynamic simulation lasts 500 ps for the shortest ones, up to 2 ns for the longest ones. Once adsorbed, a 20Å slab of amorphous water molecules was added to the system. The resulting hydrated model was first minimized, equilibrated for 10 ps and minimized again were consistent.
Computational details.
The Universal force field was used, UFF [35] . This choice resulted from a compromise between good accuracy and availability of the parameters for all atom types present in the molecular models. This force field was successfully used in independent studies of organoclay species [29, 36, 37: Pospisil, 2004 #54] . Furthermore, preliminary tests reveal that this force field correctly reproduces the particular conformational properties of carbohydrates:
puckering of the pyran rings and the exo-anomeric effect. The charge equilibration method was used to calculate charges for each atom [38] . Long-range interactions were treated by the Ewald summation technique [39] . The simple point charge model (SPC) was used for the water molecules.
The minimization uses the conjugate gradient procedure with the convergence criterion of the root-mean-square of the atomic derivatives of 0.05 kcal mol -1 Å -1 .
Molecular dynamic calculations were based on the canonical NVT ensemble (constant number of particles, volume, and temperature). The equations of motion were solved using the standard Verlet algorithm [40] , with a time step of 1 fs. The system is coupled to a bath at the desired temperature using Nose's algorithm [41] . During the production MD simulations, the positions of the mineral surface atoms were fixed, but all remaining system components (counter ion, organic molecule, water) were allowed to move accordingly.
Properties.
Enthalpies of adsorption.
Ten structures (snapshots) were randomly selected and minimized from the molecular dynamic trajectory. The total potential energy of a microstate may be written as:
where the first three terms represent the energy of the total system, the energy of montmorillonite alone, and the energy of the ligand molecule, and consist of both valence and nonbonded components. The last term is the interaction energies between the clay and the ligand (consisting of nonbonded terms only). The enthalpy of adsorption is taken as the negative of the interaction energies of the 10 selected structures: Surface area in contact.
The estimation of the molecular surface areas was performed with the Connolly dot algorithm, [42] with a probe radius of 1.4 Å.
Hydrogen bonds.
The method traditionally used to detect a hydrogen bond is geometric: two oxygen atoms are considered hydrogen bonded if the distance between the hydrogen of the donor and the oxygen acceptor is lower than 2.5 Å and if the angle between the oxygen donor, the hydrogen donor and the oxygen acceptor larger than 90°.
Results and discussion.
A hierarchical approach was chosen to reveal the adsorption behavior of polysaccharides onto the basal surface of the clay mineral. Adsorption of chemical groups was examined first, followed by adsorption of monosaccharides. Finally the adsorption of oligosaccharides was considered. Idealized chemical structures of the EPS are given in Figure 1 ; it was experimentally shown that all of them do adsorb on mineral surfaces. Predicted quantities are the energies associated with the binding and also the geometry of the complexes.
During the dynamics trajectory, the total energy decreases when the saccharide adsorbs onto the surface of the clay mineral, suggesting that the whole modeled system reaches a more stable state. Consequently, the positive values of ∆H ads (or the negative values of E int ) indicate that the adsorption is a favorable process. Dynamical behavior of mono-and oligosaccharides differ from that of functional groups.
They touched the mineral surface and explored several orientations prior to converging to their preferred adsorption geometry. This suggests that the potential energy surface has many energy minima. The energy decreases gradually with time during the course of the simulation and only the final parts of the trajectories were considered (when the total energy is stabilized to its minimal value), in order to estimate the interaction energies. On average, only 30 to 40% of the total accessible surface of monosacharides is in direct contact with the mineral surface; this value is remarkably unchanged for the oligomeric fragments.
Monosaccharides.
All the monomers considered in this study are indicated in Table 2 with the structural and energy details of their adsorption on the mineral surface.
The adsorption enthalpy strongly depends on several factors, including the number of pendant groups, their nature, position and orientation with respect to the pyran ring. Figure 2 compares the preferred geometry of interaction of two glucoses 1,6 dimethylated (α and β).
Inverting the configuration on the anomeric carbon atom changed the adsorption features of the monosaccharide on the mineral surface.
Here again, the counter ion favors the adsorption of the monosaccharides. The average interaction energy was -30 kcal/mol in the absence of counter ions; it reached -106 kcal/mol in their presence. Inspection of the models reveals the strong similarity of the binding of monosaccharides with that of the functional groups: hydrogen bonds and ionic interactions.
Hydrophobic interactions seem to play a particular role. Methyl groups were in direct contact with the surface and the monosaccharide-surface interaction was stronger when more Omethoxy groups were present (see Table 2 ). molecules are much lower than this expected value, they ranged between -104 kcal/mol and -120 kcal/mol. This is not surprising as the group contribution assumes an optimal interaction whereas, in reality, the adsorption is far from perfect. In addition, structural effects are neglected in the group method; it cannot discriminate between different stereo isomers.
The changes in the conformational energies (∆E) were minimal for the monosaccharides.
They are made of a pyran ring which adopts a dominant chair conformation, except for very rare cases. The chair geometry remained when the monosaccharide is adsorbed, by contrast, side chains showed flexibility. Given the results of the previous section, simulations on the oligomeric structures of carbohydrates were systematically performed in the presence of the counter ions. Their energies of interaction with the clay surface are given in Table 3 , the geometrical aspects of the adsorption are given in Table 4 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Inspecting the molecular models shows that the monomers in the adsorbed conformational state do not systematically adopt the unperturbed orientation revealed in the preceding section. To illustrate this, Figure 3 gives the adsorbed fragment of dextran ; among its six α-Glc residues ; four of them adsorb in an identical geometry already observed in the study of free monosaccharides ; by contrast, the remaining two α-Glc behave differently. Chemical 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Hydrogen atoms and water molecules are omitted for clarity.
∆H
The presence of the surface systematically induced an increase of the internal energy of the EPS fragments. The conformation was thus less stable when adsorbed than when isolated; the difference reaches 20% in the case of RMDP17 and succinoglycan. The presence of the surface also induced an increase of the total accessible surface of the organic molecule. The Accordingly, the fragment of MWAP71 ( Figure 4 ) is rigid; its conformational adaptation is restricted to 3 glycosidic bonds and the Kdo pendant group is not in interaction with the surface. In contrast the large flexibility of RMDP17 (5 glycosidic bonds) allows all its monomer units being in contact with the surface.
Comparison with the experiments.
The accuracy of the models could be assessed by comparing the predicted data to the experimental data. Our results revealed the strong participation of the counter ion in the stability of the complex. They considerably increased the interaction energy between the EPS segment and the mineral surface. The crucial role of electrostatic (ionic) interactions through counter ions is also revealed by many experiments [22, [43] [44] [45] . Complexes were also stabilized by hydrogen bonds and hydrophobic interactions. Experimental data show that adsorption of ethyl(hydroxyethyl)cellulose on talc is destabilized by urea, which is an hydrogen bond breaker [12] . Finally, the importance of the hydrophobic interactions is counter intuitive; it is however consistent with NMR results which indicate that aliphatic chains are in direct contact with montmorillonite [46] . Our models also showed that the oligosaccharides undergo conformational changes between the solution states and the adsorbed state. Quartz crystal microbalance with dissipation monitoring (QCM-D) experiments reveal that the adsorbed conformation of dextran on alumina differs from that in solution [47] .
Experiments are also performed to establish the structure-property relationships. The ability of several EPS to flocculate a colloidal suspension of clay particles is compared [26] . it is well recognized that such characteristics strongly impact on polymer adsorption on surfaces. In addition, modeling is performed on idealized chemical structures of the EPS and the analysis of the results was based only on the enthalpies of adsorption. The free energy of adsorption would be the choice parameter but the entropic contribution is hardly accessible.
The entropy depends on two major contributions: de-solvation of the surfaces, which is a favorable process, and the conformational restrictions of the polymer upon adsorption; which gives non-favorable entropy.
Conclusion.
Atomic level molecular simulations were applied to investigate the interaction features of model molecules mimicking bacterial exopolysaccharides (in their neutral forms) with the basal surface of Na-montmorillonite surface. The study has been performed using Cerius2 and material studio modeling programs.
It was found that hydrogen bonds, electrostatic and hydrophobic interactions are present in the model systems and provide a significant effect on the adsorption strength of EPS fragments on the mineral surface. The adsorption of monosaccharides was dependant on the nature of the monomer and its side chains. The six-membered ring stayed in its preferred geometry when adsorbed. In contrast, oligosaccharides changed their shape upon adsorption. It was found that the enthalpies of adsorption linearly increase with increasing the interacting surface area, suggesting that the key factor determining the adsorption is the ability of the EPS to unfold in order to maximize its surface in contact. The most flexible structures were the most favorable candidates for adsorption. The present modelling was able to predict a complex physical adsorption phenomenon in agreement with the experimental results.
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